Nucleotide sequences were deposited in GenBank as accession nos. AF377344 (Medicago sativa nodule FeSOD cDNA) and AF077224 (Vigna unguiculata nodule FeSOD cDNA).
The superoxide dismutase (SOD) family of enzymes represents a primary line of defense against the superoxide radical and derived reactive oxygen species in all organisms. Three types of SOD, differing in the metal at the active site, may coexist in plants. The CuZnSOD isozymes are localized in the cytosol, chloroplast stroma, glyoxysomal matrix, apoplast, nucleus, and mitochondrial intermembrane space; the MnSOD isozymes are localized in the mitochondrial and peroxisomal matrices and in the glyoxysomal membrane; and the FeSOD isozymes are primarily localized in the chloroplast stroma (del R o et al. 1992; Bowler et al. 1994; Ogawa et al. 1996; Schinkel et al. 1998) . Complete cDNA clones encoding some enzymes of each type have been isolated and used to construct transgenic plants overexpressing SODs in the chloroplasts, mitochondria, and cytosol (Bowler et al. 1991; Scandalios 1993; Van Camp et al. 1996) . These studies were performed using model plants for transformation, such as tobacco, but important crop legumes can now be transformed and regenerated with relative ease (Christou 1994) . Because legumes are unique amongst crop plants in their ability to fix atmospheric N 2 in symbiosis with rhizobia, transformation of these plants with antioxidant genes could provide additional advantages related to its protective role in nodule activity (Puppo et al. 1982; Dalton et al. 1998; Matamoros et al. 1999) .
In this work, we have analyzed the antioxidant composition of nodulated plants of the elite genotype N4 and three derived transgenic lines overproducing, respectively, MnSOD in the mitochondria, MnSOD in the chloroplasts, and FeSOD in the chloroplasts. Transgenic alfalfa plants showed a compensatory effect in expression of MnSOD and FeSOD in the leaves. All four lines displayed low CuZnSOD activities and abundant FeSOD and MnSOD activities in nodules and leaves. The full-length cDNA sequence encoding alfalfa nodule FeSOD was characterized and nodules of different legumes were screened for the presence of FeSOD cDNAs and proteins. Results show that the FeSODs of nodules belong to two types of enzymes that can be distinguished biochemically and immunologically and that are probably located in different subcellular compartments.
RESULTS

Composition of SOD isozymes in alfalfa nodules and leaves.
SOD activity staining of nondenaturing gels preincubated with potassium phosphate buffer alone or supplemented with either 3 mM KCN or 5 mM H 2 O 2 revealed that alfalfa nodules ( Fig. 1) and leaves (Fig. 2) (Fig.1) . However, in nodules and leaves of lines transformed to overproduce Nicotiana plumbaginifolia MnSOD in mitochondria (1-1, 1-6, 1-9, and 1-10), the MnSOD activity band was considerably more intense than in the nontransgenic line (Figs. 1 and 2), which probably reflects the inability of these gels to separate alfalfa and Nicotiana MnSODs. In contrast, in leaves of lines producing MnSOD in the chloroplasts (4-1, 4-6, and 4-7), two MnSODs were resolved (Fig. 2) .
Nodules of all lines examined contained a distinct FeSOD isozyme, which was also present, albeit at lower levels, in the leaves (compare Figs. 1B and 2B) . The presence of abundant FeSOD activity in alfalfa nodules and leaves is in clear contrast with previous reports showing no FeSOD in leaves (McKersie et al. 1999; 2000) . Extracts of leaves, but not of nodules, of lines transformed to produce Arabidopsis thaliana FeSOD in the chloroplasts (10-4 and 10-7) showed three extra bands of FeSOD activity (Fig. 2) . In contrast, in nodules there were four CuZnSOD isozymes, the first two of them (according to relative mobility) at higher levels than in the leaves (Fig. 1) . Nodules also had a major band showing SOD activity, which was labeled as X. This band accounted for 70% of the total activity (calculated from data in Table 1 ) and was assigned to the MnSOD type (KCN-insensitive, H 2 O 2 -insensitive). However, its electrophoretic mobility (similar to that of plant FeSODs) and apparent molecular mass (45 kDa) are clearly different from those of typical plant MnSODs (Sevilla et al. 1982) .
It is possible that at least part of the activity of band X is due to bacteroid MnSOD.
Thus, activity stain gels of extracts from highly purified bacteroids, broken by sonication, revealed a single MnSOD isozyme which had identical mobility to band X (Fig. 1) .
Transcripts of SOD isozymes in alfalfa nodules and leaves.
Out of the nine lines initially screened, we selected line N4 and three transgenic lines (1-10, 4-6, and 10-7) for further study. Consistent with activity data (Fig. 1) , RT-PCR analysis revealed that the absence of Arabidopsis FeSOD activity in nodules of line 10-7 was due to lack of message, whereas the absence of Nicotiana MnSOD activity in nodules of line 4-6 was probably due to inactivation or degradation of the enzyme because the corresponding mRNA was detectable at levels similar to those found in line 1-10 (Fig. 3) . The analysis also showed that the leaves of all four lines express endogenous MnSOD and FeSOD, that the leaves of lines 1-10 and 4-6 express Nicotiana MnSOD, and that the leaves of line 10-7 express Arabidopsis FeSOD (Fig. 3) .
Northern blot analysis of the steady-state mRNA levels confirmed the presence of abundant message for endogenous MnSOD and FeSOD in nodules and leaves of all four lines, as well as the absence of Arabidopsis FeSOD mRNA in nodules of line 10-7 and its presence in the corresponding leaves (Fig. 4) . Most interesting, northern blots showed abundant mRNA for Nicotiana MnSOD in the leaves of line 4-6 and less abundant mRNA in the leaves of line 1-10. The two mRNAs were also present in the corresponding nodules (Fig. 4) . The differences in mRNA size between the Nicotiana MnSODs targeted to chloroplasts (line 4-6) and to mitochondria (line 1-10) reflect the differences in the original constructs, with the chloroplast transit peptide being significantly larger than the mitochondrial peptide (Bowler et al. 1991) .
Antioxidant enzymes of alfalfa nodules and leaves.
The activities of SOD and other antioxidant enzymes were measured in the four selected lines. The antioxidant activities of nodules from control plants were measured with optimized methods including specific controls to ensure measurement of genuine activities in the presence of leghemoglobin, which may interfere with determination of guaiacol peroxidase (GPX) or SOD activity under certain conditions (Puppo et al. 1982 ). There were no significant differences in the total SOD activity or in the activities of the H 2 O 2 -scavenging enzymes in nodules for any of the four lines. However, when MnSOD and FeSOD activities were individualized by densitometry, MnSOD activity in line 1-10 was found to be 45% higher than in line N4 and FeSOD activity of line 4-6 was 32% higher (Table 1) .
Total SOD, APX, GPX, and catalase activities were similar in leaves of all lines, except in line 10-7, which exhibited a total SOD activity 39% higher than in line N4 (Table 2) The deduced amino acid sequence of alfalfa nodule FeSOD has high homology (>70 %) with the FeSODs from other higher plants and lower homology (<70%) with the enzymes from cyanobacteria and green algae. However, there are two exceptions: the nodule enzyme showed only 58% identity with Arabidopsis FeSOD isozyme-1 and 50% identity with rice FeSOD.
Because FeSODs are detected only ocassionally in plants, we screened extracts of other legume nodules for the presence of FeSOD. This provided information on the distribution and abundance of the enzyme and allowed a comparison with the alfalfa nodule FeSOD. Using SOD activity gels, we found FeSOD in nodules of cowpea, mungbean, pea, bean, and soybean, but not in those of lupine and broad bean (data not shown). The same primers used for alfalfa served to isolate clones and obtain the complete cDNA sequence of cowpea nodule FeSOD as well as partial sequences for pea and soybean nodule FeSODs. All derived protein sequences were used to construct a phylogenetic tree of known FeSODs (Fig. 6 ). It is interesting to note that two isozymes have been described for Arabidopsis and that the partial sequence we found for soybean nodules differs from that reported for leaves, suggesting that FeSOD may be present as a multigenic family at least in some plants. Phylogenetic analysis revealed three large clusters, which, as expected, are fully consistent with homology data: a cluster including the FeSODs of cyanobacteria, green algae, rice, and Arabidopsis isozyme-1; a cluster including the FeSOD of Raphanus and Arabidopsis isozyme-2; and a cluster including legume FeSODs. Interestingly, in this third cluster two groups can be recognized ( Fig. 6 ) and this appears to be correlated with subcellular localization.
Prediction programs reveal that the FeSODs of alfalfa and pea nodules contain a plastid signal peptide, whereas the FeSODs of cowpea nodules and soybean leaves and nodules lack any recognizable plastid peptide. The presence of two types of FeS ODs in nodules is confirmed by the absence of cross-reactivity between an antibody raised to cowpea nodule FeSOD and alfalfa or pea nodule FeSODs (data not shown)
.
DISCUSSION
In this work we report that all three types of SODs are present in nodules and leaves of alfalfa ( Figs. 1 and 2) . The isozymic composition of SOD in our extracts (low CuZnSOD activity, high FeSOD activity) clearly contrasts with that reported by other authors (McKersie et al. 2000) for alfalfa leaves (high CuZnSOD activity, virtually no FeSOD activity). These differences may be due to variations in plant development or to nutritional factors, such as the nitrogen source (N 2 versus combined nitrogen) and the micronutrient supply (which is known to differentially affect expression of SOD isozymes; eg. Kurepa et al. 1997) . Whatever the reason, our results indicate that important variations in the SOD isozyme pattern do not affect the health and growth of plants. This may well reflect compensation in the activities of the SOD isozymes, which would require their expression to be tightly regulated.
Thus, overproduction of MnSOD in the leaves of lines 1-10 and 4-6 was matched by lower FeSOD activities, resulting in similar total SOD activities in the leaves of the two lines and in the nontransgenic line (Table 2) . Conversely, overproduction of FeSOD in line 10-7 was paralleled by a lowering in MnSOD activity, although in this case the 2-fold excess of the former was not compensated for completely and the total SOD activity of leaves in line 10-7 remained 40% greater than in line N4.
Northern analysis indicated that the compensation of activities is not due to changes in transcript abundance. Thus, the mRNA level of endogenous MnSOD in leaves of line 10-7 (which expresses Arabidopsis FeSOD) is even higher than in line N4, and the mRNA level of endogenous FeSOD in lines 1-10 and 4-6 (which express Nicotiana MnSOD) is similar to or higher than in line N4 (Fig. 4) . Therefore, the compensation between MnSOD and FeSOD activities occurs, at least in part, at the post-translational level.
In nodules, only line 1-10 produced the transgene-encoded SOD (Fig. 1) .
However, the Nicotiana MnSOD mRNAs were found in both lines 1-10 and 4-6, albeit at low levels (Figs. 3 and 4) . The absence of Nicotiana MnSOD activity in nodules of line 4-6, despite expression of the gene, can be attributed to degradation of the enzyme, perhaps as a result of the inability of nodule plastids to process the protein bearing a chloroplastic prepeptide. Another surprising observation is the absence of transcript for Arabidopsis FeSOD in nodules of line 10-7, despite its abundance in the corresponding leaves. This may be ascribed at least in part to a weak activity of the 35S promoter in alfalfa nodules. However, this would still leave unexplained why constructs with identical promotor and chloroplastic targeting sequences are express ed (MnSOD in line 4-6) or not expressed (FeSOD in line 10-7) in nodules. To verify the differences in expression among the three transgenic lines, nodules of exactly the same plant were used to extract RNA (for northern analysis) and protein (for activity gel analysis). This experiment confirmed that nodules of line 1-10 expressed transcript and activity, nodules of line 4-6 expressed transcript but not activity, and nodules of line 10-7 did not express the transcript.
The abundance of FeSOD in alfalfa nodules deserved special attention, as this type of SOD, in contrast to CuZnSOD and MnSOD, is not ubiquitous in plants.
Furthermore, there are contradictory reports about the presence of FeSOD in leaves of some species, such as common bean and cowpea. Early studies reported that FeSODs were confined to a few families of higher plants (Bridges and Salin 1981) .
However, it seems now that the gene is more widely distributed than previously thought but remains silent due to lack of appropriate inducing conditions (Bowler et al. 1994) . Our finding of FeSOD in nodules of healthy plants of alfalfa and other legumes is consistent with that hypothesis. The FeSODs of alfalfa and pea nodules are closely related and are synthesized as precursor plastidic proteins, which suggests that these enzymes play a role in plastid metabolism other than the scavenging of superoxide radicals associated with photosynthesis. The occurrence of abundant ferritin in the plastids may ensure an adequate Fe supply for the synthesis of FeSOD, especially under conditions in which this isozyme is up-regulated (reviewed by Becana et al. 1998 ). The presence of at least two types of FeSODs further underscores the multifaceted nature of antioxidant protection in nodules and suggests that the various SOD isozymes may have evolved to perform specific defensive or regulatory roles that are essential for optimal nodule functioning. Clearly, further work is necessary to characterize these roles.
MATERIALS AND METHODS
Plant material and propagation.
Alfalfa (Medicago sativa L.) clones used in this study were generously provided by Dr. Bryan McKersie. Clone N4 is the nontransgenic parental line. Clones 1-1, 1-6, 1-9, and 1-10 were transformed with pSOD1, which was generated as a transcription al fusion of the MnSOD preprotein from Nicotiana plumbaginifolia to the cauliflower mosaic virus 35S promoter (Bowler et al. 1991) . Clones 4-1, 4-6, and 4-7 were transformed with pSOD4, which harbors the mature MnSOD-encoding sequence of N. plumbaginifolia fused to a chloroplast transit peptide sequence (small subunit of Rubisco from pea) under the control of the 35S promoter (Bowler et al. 1991) . Clones 10-4 and 10-7 were transformed with pSOD10, which encodes FeSOD from 
RT-PCR and northern analyses.
Total RNA (approximately 100 µg) was extracted from 200 to 400 mg of leaves or nodules by a phenol-LiCl procedure (Verwoerd et al. 1989 ), using RNaseOut (Life Technologies). RNA concentration and purity was determined by spectrophotometry and visualized by electrophoresis in agarose-formaldehyde gels. contained 0.75 to 2 µl of first-strand cDNA (taken from a resuspension of the cDNA in 100 µl of water), 0.2 mM dNTPs, 1.5 mM MgCl 2 , 0.5 µM of primers, and 2.5 units of Taq polymerase (Life Technologies) in a total volume of 25 µl. Reactions were initiated by a denaturation step at 94C for 4 min, followed by 25 cycles (94C for 30 s, 54C for 45 s, and 72C for 45 s), and a final extension step at 72C for 10 min. After amplification, the reaction products were resolved by electrophoresis on a 1% (w/v) agarose gel and stained with ethidium bromide. In all cases, preliminary runs were used to verify that the number of amplification cycles was below signal saturation.
Images were captured using a Gel-Doc 2000 DNA Gel Analysis and Documentation System (Bio-Rad, Hercules, CA) using Quantity One 4.1.1 software.
For northern hybridization, RNA (10 µg) was separated on 1.2% agarose denaturing (formaldehyde) gels and capillary transferred overnight in 20 x SSC to Hybond-N + nylon filters (Amersham Pharmacia Biotech, Uppsala, Sweden). The RNA was fixed to the filter by exposure to UV light for 5 min and then at 80C for 2 h. Probes were obtained directly by gel purifying the products of the RT-PCR experiment. Random priming was used to 32 P-label the probes (Megaprime, Amersham Pharmacia Biotech). Filters were prehybridized at 42C for 2 h with 50% formamide, 125 mM sodium phosphate (pH 7.2), 250 mM NaCl, 1 mM EDTA, and 7% SDS. Hybridization was performed overnight at the same conditions as for prehybridization with addition of the 32 P-labeled probes. The filters were washed succesively with 2 x SSC for 10 min, 0.5 x SSC for 10 min, and 0.1x SSC for 3 min all SSC media contained 0.1% SDS). Signals were detected using a storage phosphorscreen (Imaging Screen-K; Eastman Kodak, Rochester, NY) and quantified with a Molecular Imager FX (Bio-Rad) using Quantity One 4.1.1 software.
RNA extractions and RT-PCR and northern experiments were repeated twice using nodules and leaves from two series of plants grown independently. Similar results were obtained and representative data are shown.
Assay of antioxidant enzymes.
Samples of nodules or leaves to be used for biochemical analyses were flashfrozen in liquid N 2 and stored at -80C. All enzymes were extracted at 0-4C and activities were measured spectrophotometrically at 25C within the linear region for both time and enzyme concentration. Total SOD activity was assayed by the inhibition of the reduction of ferric cytochrome c by the superoxide radicals generated with a xanthine/ xanthine oxidase system. One unit of SOD activity was defined as the amount of enzyme required to inhibit the reduction of ferric cytochrome c by 50% (McCord and Fridovich 1969) . A low concentration of KCN (10 µM) was inc luded in the assay medium of total SOD to inhibit mitochondrial cytochrome c oxidase withoutaffecting CuZnSOD activity. To assay KCN-insensitive SOD activity, the final KCN concentration was increased to 3 mM. Boiled extracts showed < 4% residual SOD activity.
The isozymic pattern of SODs in nodule and leaf extracts was analyzed by activity staining following electrophoresis on nondenaturing polyacrylamide gels (0.75-mm thick, 15% resolving gel, 4% stacking gel). The activity stain was based on the inhibition by SOD of the reduction of nitroblue tetrazolium by superoxide radicals generated photochemically (Beauchamp and Fridovich 1971) . Identification of isozymes was based on the differential inhibition of SOD activity on gels preincubated with 3 mM KCN or 5 mM H 2 O 2 for 1 h. Isozymes were quantitated by densitometry using National Institutes of Health software. APX, GPX, and catalase were extracted with optimized media essentially as described by Gogorcena et al. (1995) . APX and catalase activities were assayed by following the disappearance of ascorbate at 290 nm (Asada 1984) and of H 2 O 2 at 240 nm (Aebi 1984), respectively. GPX activity was measured by following the oxidation of pyrogallol at 430 nm with preincubation for 5 min with 0.5 mM p-chloromercuriphenyl-sulfonic acid (Amako et al. 1994) . Because APX may also catalyze pyrogallol oxidation to some extent, p-chloromercuriphenyl-sulfonic acid was included in the assay medium to inactivate APX and thus ensure the accurate measurement of GPX activity.
Statistical analyses.
Six series of plants grown independently under identical environment conditions were required to obtain sufficient nodule and leaf material. Each series comprised plants of all four lines. All measurements were made on plants belonging to at least two series and were pooled for statistical analysis. All data were subjected to analysis of variance and, when this was significant, means were compared with the Atha, Arabidopsis thaliana. Size of PCR products is indicated in bp. To ensure uniform amounts of template, PCR reactions were performed simultaneously using ubiquitin primers (Horvath et al. 1993) . Residues that distinguish FeSOD from MnSOD are indicated with a black circle.
Residues essential for catalytic activity and metal binding are indicated with a plus mark and a white circle, respectively. A putative polyadenylation sequence at the 3' end is underlined. Fig. 6 
